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3-Glycidoxypropyltrimethoxy silane(GPTMS) 2. %2 174 9] A2]7} Y= AHSNPs)E &F38ti o, &g3te
SNPsE EE]¢-eleb-9-dlok(PUU) o847} E58to] SNPs/PUU Hhri A HE-S Alxsiolth. A5 A& § PUU
MERIA U SNPsO] §H, SNPs 3£ 0] 255} A&, ol HA] T1559e] A738E whe o157 A59 ”01] A= 9
2w SNP el 22919 GPTMS®] H{th 3H-E 1.99x107° mol/m*2 SNP W7 7|50 oF 53%
=0]3ltt. GPTMSe]l 9J3t 473l PUU MlE- A ff SNPse] 4o 3E3lom, SNPs &3] 5 wt.%lA 20

w22 S7Fel Wk SNPs/PUU L3 5] ol ghasiglont, 4 «PdS: S718k9itt. 531 Young’s
modulus®} tensile modulusi= ©FA|9] G738} W3- Foll A F71sISiT.

Abstract — Hydrophilic silica nanoparticles (SNPs) were treated by using 3-glycidoxypropyltrimethoxy silane (GPTMS)
and then they were blended with polyurethane-urea (PUU) emulsions to obtain SNPs/PUU nanocomposite films.
Thermo-mechanical properties of the nanocomposite films were investigated by varying the grafted amount of GPTMS
onto SNPs and the contents of SNPs in the PUU matrix. The thermo-mechanical properties of the nanocomposite films
were also compared in terms of the dispersibility of SNPs in the PUU matrix and thermal curing of the GPTMS-grafted
SNPs. The maximum amount of grafted GPTMS was 1.99x 107° mol/m?, and which covered ca. 53% of the total SNP
surface area. 2’Si CP/MAS NMR analyses with the deconvolution of peaks revealed the details of polycondensation
degree and patterns of GPTMS in the surface modification of SNPs. The surface modification did not significantly affect
colloidal stability of the SNPs in aqueous medium; however, the hydrophobic modification of SNPs offered a favorable
effect on the dispersibility of SNPs in the PUU matrix as well as better thermal stability. XRD patterns revealed that
GPTMS-grafted SNPs broadened the reduced the characteristic peak of polyol in PUU matrix. The composite films
became rigid and less flexible as the SNP content increased from 5 wt.% to 20 wt.%. Particularly, Young’s modulus and
tensile modulus significantly increased after the thermal curing reaction of the epoxy groups in the SNPs.

Key words: Polyurethane-urea, Silica Nanoparticles, Epoxy Silane, Nanocomposites
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P A, FgAde] T4 ol ulAl A F2(micro-domain
separation)”| |7 Do} 12,16]. ©]&13t v]A] A 2] FA2 1}
A Y] EAS ASIZIER, 7] FRAE e A7]6lA A
73R AL MlE A0 FUHA FAAAE $itt. o] & $IEiA
= 7] FRAL EHE 258 IACT S 19]. 77 WAk
BHoll= F2 3lo| =2 A|(-0H) 7|7} ZAlstE 2, sleha-3-S =3
A 71 AL A s FEsAY, &5 e =415k
a2k gl x2AQl B2 A AEH A (silane coupling
7] FXIA| 9} 1A 23S Alws)
)

F

B AFlA = 820 nm2] YEE Z= A7 UieizkSio,
nanoparticles, ©]8} SNPs)ol| ol ZEA] A& T30l SNPsE 4
3513AT. SNP 453815 $1314] 3-glycidoxypropyltrimethoxy silane
(GPTMS)E A3l o, o] 24 ¥ =S 0, 50, 100%% =
dskeitt. 25473lE SNPsE Z2]- -l &kl ok(polyurethane-urea,
0|3} PUU) 1132} WjEg Ao) =151 o, & odto] ARgH
PUUE Y% Z717F 60~70 nm2] 2715 ZHe odHdC 2, SNPse}
Ndd E3S S e B3A oddS FAsinh vk
oA e 07 A %3] 01, SNPs A3} A%, SNPs & o
ZA] 15 973} o So] SNP/PUU WA e] B2 4], o
A, 71A1A 523l mjA= Gkl disiA asisict.

2.4

2-1. A2t S RliE

SNPsZ SNOWTEX-N(Q%E *8$1=8-20 nm, 113+ 3221 wt.%,
Nissan Chemical, Japan)yS ARSI 0| | FA] A AZSHAZ
GPTMS(M.W.=236.3 g/mol, Shin-Etsu, Japan)Z AM&-aF3ict. Ak
AZHAZ SNP TS 25381317 | 2134 7= H'hE&(Aldrich, USA)
I} Z54(resistivity~18.2 MQ-cm, Waters Co., USAYS AMS-5131T).
734 (rigid)®] PUUCET 9)%=45 nm, 1185=40 wt.%, AE}-A9]=
—-68 mV, pH=7.5) oA Fof ¥ 7 THATJTAZTRE 7]

Fusnt.

2-2. SNPsQ| A5}

GPTMSE ©]8-3F SNPs 25738} WHg-2 o]F A} ¥k-&-7](100
mL)o| A =3+8 4 7](in-line homogenizer, T50 basic Ultra
Turrax®, IKAYS ARE8Fo] 3A17F F<F 24 1917 slollA] 43
SIGITE W] 5= F3F o] &, ¢F 23 °CE FA3IgleH,
A7) 1Rk 5= 10,000~13,000 rpm .2 A BIA T GPTMS
EQ1%E- SNPY] Qo) A & Vo R WA 0 R At
AR A 7] Y T, 1R TS Vo R ALt
gom, GPTMS =32 methacryloxypropyl trimethoxysilane
(MPTMS)?] At} Ae]7} 9 T1%(3.81x107° mol/m?)S 715
O 0,50, 100 wt.%= ={]8FAtH12,20,21]. GPTMS 100% =
)] Z--(SNP-2), 47.6 g A&7}t vhegd#} oddel 1.0 g(4.3
mmol)2] GPTMS7} 915 3lth. 4] GPTMSE 7 HllehEof| 8
A1, 10 wt.% GPTMS/Mehs & Az 5, A P E o] &
3AIRE &Rt A% T8I GPTMSS] o]l whebA, 242} SNP-0
(GPTMS 0 wt.%), SNP-1(GPTMS 50 wt.%), SNP-2(GPTMS 100
wt.%)E HHseitt.
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2-3. SNPs/PUU Lic=8F O HM ZEo| M=

GPTMSZ 2578}l SNP €48 pUU oHAY} g &3 §, 2
MY ESr 42818 7 AV S AR, olEA 3810 SNPs/PUU Y
B3k o dA-S AlFaIoIr}. SNPse] ek 3R ojn) s 22t s
wt.%%}F 20 wt.%(PUU L& 7155)= Esisith. Az odd e
2HE A2 FEE Al fE A 5 eme] EFHE HAel oF
283 g ¥l vEA HBH F 1% QBofA 80°CE 2417 F9F
Azxst] AES AlFskg o, AlF% SNPs/PUU Z5-2- 9|3 F

31Tk, SNP2Z )% SNP-2/PUU 2] 7-$-ofl= 200 °C2)
Z 2B 6073 DA WS STt

o 1

2-4. A HiH

SNP 4l GPTMS® £73HAIX1 SNPE] Bt Y=gt Aet-d91E
4938171 $lsiA] FAkePH(DLS, H-8000, Otsuka, Japan)s ©]-&-3t
Ak H-E AFLoM sl o, B0 R 632 nm 3] He-
Ne #loJAE ARESISITE U5 574 Al BES 25TE 34 610]
ok 0.05 wt.%= A8k, AlER-79] Q] B4 Al AE F=E 9F 0.01
wt%E A

ASHEAH(TGA, Q50, TA Instr., USA)yS F34] SNP Edo|
=8]%¥ GPTMS = (mol/m? ©91)S S50t} 2= Mol A2
ol4 700 °CoH, 5 &5 5 °C/min, A4 2 40 mL/min%]
t}. o] & F3l =91 GPTMS o] A4 gl8h4] 0 2 AtE GPTMS
o] MIEES At}

GPTMS U] HIEA] 152 &3 J= 9l SNP 7] vhe- =5
=A3p7] YailA] Si CP/MAS NMR(400Hz(B), solid state nuclear
magnetic resonance, Avance " model, Bruker, Germany) 413 53}
SITE B4 7 GPTMSRE 4531 SNPs(SNP-0~2)E- 30 °Cof|A] 244]
7F B9 2 x4 $ Hojxl 3)13E 2] (deconvolution,
XPEAK®)3}o], SNPolA] LFER= A1 7HE-(Si-OH) 155-2] ¢t -5
= 7 (degree of condensation, Q,: Si(OSi);(OH),, Q;: Si(0Si);(OH), Q,:
Si(0Si),)2F GPTMSS] MSA] “155((OCH;);)2F SNP2] OH 153}
2] 8% HI(T,: RSI(OCH;),(0Si), Ty(T,"): RSI(OCH;)(0Si),, T:
RSi(0Si),)& 78k % o] o] 2] (1), )¢} Zo] WE-&([D.c.:
SNPQ| $-% WkS W8 D.C2: GPTMSY 3% Wk WiR-g)7 7|
2ksleith22-24).

Q

D.C. (%)= ——% %100 1
T @
D.C2%) = A P2TT) 3T |y 2)

3[To+ Ty +Ty(Ty) +T5]

Z2575Hel SNPs Bl SNPs/PUUCT thE 5407] w412 918l FT-IR &
(IR Prestige-21, Shimadzu Co., Japan)y= =33}t -+ SNP
o} 273k SNPsi= 24217 218 1% § KBr} E3sto] Helo
Z 9FEo] oM 54351901, SNPs/PUU A5 80 °C A 2
BollM Az, BE SR R F A2ollA ATR(Attenuated Total
Reflectance) W2 © 2 Z73}%Ic),

SNPs/PUU AFHS] A2 A4S S8l vhr2] X1 3]s
7] (multi-purpose X-ray diffractometer, X’pert PRO MRD/X’pert
PRO MPD model, wavelength=1.5404A, Cu Ko radiation, Philips
Co., Netherlands)& AR, SNP =41¢f] Uk PUU AZE A 1HE
(soft segment) %<12] WIslE FA18I3ITh 37 W 9] (2thetay= 2%
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A 4009}

AzxE AES 7R g S 8 WEsAIR71(UTM,
LRKPIlus Series, Max. load=500 N, Instron Co., UK)E ©|-&, A2
oA 10 mm/ming] 1 =72 =43t A1H 2] 371 10 mm
x50 mm, T 0.35+0.04 mm, APAY 574 34 332 Al o
ks ARSIt

SNP/PUU AlE] 92 s S48k flsliA AAFARE =
(DSC, Q10, TA Instr, USA)S ]88, 5 °C/min®] 2= A4 &
(A4 =40 mL/min)ll A 25 M= —60 °CollA 250 °C7HA] H
28 ST AZ) FAE 7-8 mg o, &FuE WS Ha)
o] SAskqleh mgk 47 M A4S HeiA dEEAW
(TGA, Q50, TA Instr, USAYS ©]&3lo] S43I3ct 2= M9l
2o 600 °CoTH, & I 5 °C/min, D4 S 40 mL/min
Ark.

SNPs, SNPs/PUU ©'24, SNPs/PUU ZE2] REZ 72| HA1S 9
A TR 7 (TEM, H-7600, 120 kV, Hitachi, Ltd., Japan)&
2431300k SNPs¢} SNPs/PUU Ald AL 2F= 0.01 wt.%= 3]

X
Az 3 4319131, SNPs/PUU H 52 7haal AA Zet A8y =
oko] Zof] Y- & of| ZA]5=4] (SPI-Pon™-Araldite epoxy embedding
kit)= F3FA1A Z2EPEHE 7] (ultramicrotome)E AR, 60 nm 72
A3 - 200-mesh TEM copper gridell &2 -2 A% § 5793151

oH25].

3. 4t A

o

4

3-1. GPTMSE 245l SNPe| EM M

Table 191l GPTMSE £5=3}¢ SNP olHd 84 A] ALg-% ok}
SAA ) Q8 SAE B A5, Ak g eIk
SNP-09] 7-9- W] slo|EFA] Fo] 0% 3| Aep-AY Fho]
-76 mVES & &= itk GPTMS 1 71l wehA] Aek-d9] gk
& 247} —66, 51 mVE HAad-e o 5= 9t} o) GPTMS 34&

Table 1. Basic recipe for the hydrophobic modification of SNP and
corresponding average particle size and C-potential value

Sample ID Silica emulsion (g) GPTMS“(g) D,(nm) C-potential (mV)

SNP-0 47.6 0.0 13 =76
SNP-1 47.6 0.5 16 —66
SNP-2 47.6 1.0 15 =52

“10 wt.% GPTMS in MeOH was used

A3l AR HEhEo] SNP oo o] E8lE o] A&/t /-4
3 (dielectric constant)zk 7349} GPTMSS] =915 S712 A=
 Qlrh. BESE SNP-29] -9l vl A —51 mve] Aef-A9] ghe
D& AT, o= SNP E ] GPTMSE] AR L=gike] 54
otk= 215 vkt 10,12].

A% 718 A, SNP-0= YA 3xHel] EAfsh= o]/ 15-<]
ol oA oz W] el Akt S Al iR o® E YEE
LERCE Z12fut GPTMSS] S=9l%ko] Z7hdell whebA SNp 39
748} W% (surface charge density)’| 4~8Hc}, ¥ el o] 7+
2ol whhx] SNP 9] 712 o]F Z(electrical double layer)®]
FAZY ZHAE O] QAR A7) A sk s & T ATk A
7] Ak wkel o] SNP-29] Aol Al GPTMS?] =9l o]
Anf =7] o] wiEel]l SNP2] QFg/d> 3 Z3tel] o] sk H 714
Hhk 3k GPTMSO 28t 1A “doll(steric repulsion)?] F 7F4] &
el oJsfl FAEE & 5 vk 24 A, 7 SNPEF GPTMS A
¥ SNPs B 53181 ] #4k /gl 2 Z1E dRIE
USIT. Fig. 10l SNPol| ot Fabdabadn] g AbdS eAlslgivt.
GPTMS?] 3ol wh e]ade] ApolFlout iz F7]of theh Wz}
= gom, B 9 ik A E eI

Fig. 2= GPTMS % GPTMSZ 4-53}¢ SNP2] FT-IR ~HEFS
YRSt GPTMSOIA YEl = 31 3= GPTMS?] -CH,- (2931-
2854 cm )9} ol Z A (epoxides)2] 28} ring-stretching W = (1280-

epoxy ring

!

(str) Si—O-Si or C-O-C
3000 2000 1000
Wavenumber (cm-1)

Fig. 2. FT-IR spectra of GPTMS and SNPs: (a) GPTMS, (b) SNP-0,
(¢) SNP-1, ands (d) SNP-2.

Fig. 1. TEM photographs of SNPs: (a) SNP-0, (b) SNP-1, and (c) SNP-2 (scale bar=100 nm, magnification=30,000).
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Fig. 3. Weight loss curves of SNPs obtained from thermogravimet-
ric analyses: (a) SNP-0, (b) SNP-1, and (c) SNP-2. W, , is the

fotal

total sample weight (100% basis), W, is the weight loss from
physically adsorbed H,O(%), W), is the weight of silica after
thermal degradation (%).

1230 cm™), asymmetric W1=(950-815 cm™), symmetric = (880-
750 em™ho ok HES- 7 SNPL] 73$- free Si-OH, E2]2 o2 F2lel
H,0, H-O bending, asymmetric Si-O-Si, SiO, tetrahedron ring, O-
Si-O deformation®l] B=]= =13 217} 3734, 3429, 1627, 1118,
802, 470 cm™'2] T tilellA] A= om, 2451 SNPsellA] Al
7 Yeh R Y= -CH,- (2931-2854 cm™)o]H, thE SA17]&=
FH= ] grlo] ofH ) oLt Ao 7lR-alel o3l AghE 1Fel
A 1= OH 54 #1238 57F 9 A&e] ¢=A] Z1F°] SNPe} RE
5ol el e = Si-0-Si2] AEA (siloxane) 712 S/ &
Q18 = ASUTH10-12].

Fig. 3 TGA 42 %3 92 SNP-0, SNP-1 2 SNP-29] gk
SN FHoR HE MM A2 oF 150 °C7A] UER = A
2 E2(W, ) SNPsell E2]24] 2 2 52 (physical adsorption)stil $)

o~

[¢} =
H FE(H,0)0. % Boxw SNPY| 453 7l wet w s 4
25 o= QlEh SNP-1, SNP-29] 7%, 150~700 °C A1 9] A 7+

2o SNPell AE o] Y GPTMSE] A% 2 (=W, W, W)
LERATE, SNP-19]] H|3l SNP-22] GPTMS & &40] ] 3-& &
k. A3 48 F8) AitE GPTMSS] g UsE SNP-12]
749 1.24x107 mol/m?, SNP-22] 7% 1.99x1078 mol/m*3it}. 4573
kS A] =0% GPTMS?] ko] ZH2F 1.90x1078, 3.81x1076 mol/m?©] =
2, 214 SNP o] =% GPTMSS] W-5-& 717} 33, 53%3ict.

(@) Q, (b) Q;

oAl -

Table 2. Degree of condensation values (D.C.! and D.C.?) of SNP and
GPTMS, respectively, obtained from 2’Si CP/MAS NMR after
deconvolution

& TS E(%) SNP-0 SNP-1 SNP-2
D.C.'(Q, of SNP) 30.7 313 379
D.C2 (T, of GPTMS) - 727 81.6

Fig. 4ol 2573} A SNP(SNP-0)2} GPTMSZ Z-<=3}%¥ SNPs
(SNP-1, SNP-2)2] ¥Si CP/MAS NMR A3 E S pehfjglc
SNP-0= —93.64, —101.55, —110.01 ppmelld 22 Q,, Q;, Q5 1}
ElE 938 48 U2H, SNP-19} SNP-2¢4 & -57.53
ppm2} —66.44 ppmell A 242t T,9F T,0] A2 F =27} 2= et
7} SNP2] NMR 35 #ejaty W4 ¢t %, 2] (1)@ )l 2
A ARFE SNP] 85 WhE- WE-8(D.C.)7 GPTMS?] 65 1t
S MEE(D.CHE Table 201 g2lsk3ict. D.C.'2] 79, SNP-09}
H) @S w SNP-1914 Q,0] 727} F=2 Q,, Q2] 732 Wghd
A& o 7 Atk SNP-29] -9 Q9F Q7F &dskA #Hastal, Q,
o] -z Mgke 218 18k 4= Qlrt. SNPel| ¥t D.C.1gke 77}
SNP-07} 30.7%, SNP-10] 31.3% “12]3 SNP-27} 37.9%% AlxtE]
glow, GPTMSS] ZHollA D.C2%S SNP-19] 72.7%, SNP-27}F
81.6%%2A] SNP-20IM 1 & HES e AL glgd 5= 3l
T}, 0]AL =& F-9 GPTMS7} SNP9} ] o] HES-5lo] SNP2)
Q8 T,, Tyt 57kt Axjolti12].

3-2. SNPs/PUU Lic S| ZE 7= &AM

Fig. 500 o3 &ghHo s 2|x% SNPs/PUU20 LHeidkA] of
DA 0] FRAAEU A ARS YEFA T} Fig. 541 SNP-0/
PUU20, SNP-1/PUU20 2 SNP-2/PUU20E B] sl xH #)2d M=
9] Y= BF Ay 2oko & SNP YA PUU YA T8 =
R e e & 5 itk ol FUsH &3 Aol
AxpeAn] 7 WE AF Al &2 ZAE= 23] =717} 22 SNP
ZFdtd o g F3717F & PUU Ak 96l 2 22 207 )4
At} GPTMSE 4539 SNPs/PUU AZM 5 S o] 79
om AL Qgado] 93k oz FAE QI

Fig. 6= SNP-0, SNP-1 2 SNP-2Z PUUS] 20 wt.%= E$1519]
A ZE SNPs/PUU o30S QoA xSl BFO 2 A2kt &,
ZE ol B3xH0] Qi SNPY] AT BERAE Eah}
Fu7d o7 ke ARRS YERATh SNP-0/PUU202] Z-$-ofle 2
AZ o2 PUU MEZA Aol SNP] S50 7 HAakio] Z£x] ¢k-2
< & = 9ltk SNP-1/PUU207} SNP-2/PUU20 Bl A, GPTMS 3t

-1600 2000 00

ppm ppm

00 400

1600 2000 00 1600 2000

Fig. 4. Si CP/MAS NMR spectra of SNPs before and after the GPTMS grafting: (a) SNP-0, (b) SNP-1, and (c) SNP-2.

Korean Chem. Eng. Res., Vol. 50, No. 2, April, 2012
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Fig. 5. TEM photographs of SNPs/PUU composite emulsions: (a) SNP-0/PUU20(pristine SNP was added to 20 wt.%), (b) SNP-1/PUU20
(GPTMS-grafted SNP-1 was added to 20 wt.%), and (c) SNP-2/PUU20(GPTMS-grafted SNP-2 was added to 20 wt.%) (scale bar=100

nm, magnification=30,000).

Fig. 6. TEM micrographs of microtomed SNPs/PUU nanocomposite
films with 60 nm thickness: (a) SNP-0/PUU20 film (pristine
SNP was added to 20 wt.%), (b) SNP-1/PUU20 film (GPTMS-
grafted SNP-1 was added to 20 wt.%), (c) SNP-2/PUU20 film
(GPTMS-grafted SNP-2 was added to 20 wt.%), and (d) SNP-
2/PUU20 film after thermal curing (scale bar=100 nm, mag-
nification=30,000).

Fo] & SNP-2PUUS] #4Mo] T 948 A& & 4= Q. 97
3} & 3o A%, RERA 9L FAMelM & W) gl Zlow 3

=Sl

Fig. 79l =573 PUU ¥ & A, SNP-0/PUU20 I& A]H U
SNP-2/PUU20 E& AH2] 473} A5 AES] FTIR A EH S
SAIERITE 978 Al GPTMSE 425818 SNP-29] o] EA] 189]
7N 8k(ring-opening) ¥F&-0] dojut pUUS] Lt7]Q1 NH, (12} oFil)
3} 4-8-310] -NHCH,CH(OH)- 71Z 348k, thA] SNP7}F PUU
el B NHQ2A}F o) 5% #8381 -N(CH,CH(OH)),- 715
A Frt. =5 PUU AlE2] AFZQ] 9]9= opn|= A3 N-
H stretching 3 71(3772~3502 em™')7} ¢¥6}A] LEREC ™, N-H bend
9]=1.9} C-N stretching 3 7(1640~1550 cm™)S 18 5= gt}
7+2 -2l €] free carbonyl C=0 stretching 3] (1735 em )2} C-N

N-H (bending), C-N

Epoxy ring
(sym)

4000 3000 1000
Wavenumber (cm-1)

Fig. 7. FT-IR/ATR spectra of SNP/PUU nanocomposite films: (a)
pristine PUU film, (b) SNP-0/PUU20 film (pristine SNP was
added to 20 wt.%), (¢) SNP-2/PUU20 film (GPTMS-grafted
SNP-2 was added to 20 wt.%), and (d) SNP-2/PUU20 films
after thermal curing at 200 °C for 60 min.

stretch(1250~1000 cm™), urethane/ester “155-2] O-C=0 stretching 3
(1041 em™H)E BR1E 5= Qi)

SNP-0/PUU20 AlHellA= SNPel| 7]918F Si-0-Si I (1111 em™y7h
7tz #EEgl o, 4739 SNP-2/PUU20 HEoM % ohv|=
A% N-H stretching ¥ 7.2] 572} N-H bend %! C-N stretching®l]l
tigt vl=ol 12} opule] F A Ak v)=8) 23 ofwle) ofs)
Al b= 9]719] FRaE S = QIgiet 33} ofl 9] 9= 4l
% AEE sk 7] Wil AFARI 938 STk ER1E
ARE CN IS 21 9]0 S7k2A 32F o] S7hE €R1g 4= 9l
St} w3t 9733} Fof] SNP-2/PUU202] 817 ecm™ oA symmetric
epoxy ring 972 1Ak THAF Bl o|FA] I1F0] WREE S-S
s1sk = ISl

Fig. 8o +=5=%t PUU Z &7} SNP-0/PUU20, SNP-1/PUU20 %
SNP-2/PUU20 V=i 84 B52] XA 84 4 Yepigith
20=19°¢14 B> 9ol AA veht= 93+ PUUS 73
(amorphous)?] A~ E A THE (soft segment)ZF-E] H&E= A0
2 Z8]E(polyol) F! E]N2E AZHES] W& #2448 1}
ERIILE. GPTMSE 4253F SNP7F 919 79 34 9]=19] Zo]

Korean Chem. Eng. Res., Vol. 50, No. 2, April, 2012
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Fig. 8. XRD patterns of SNPs/PUU nanocomposite films: (a) pris-
tine PUU film, (b) SNP-0/PUU20 film (pristine SNP was
added to 20 wt.%), (c¢) SNP-1/PUU20 film (GPTMS-grafted
SNP-1 was added to 20 wt.%), and (d) SNP-2/PUU20 film
(GPTMS-grafted SNP-2 was added to 20 wt.%).
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Fig. 9. Weight loss curves of SNPs/PUU nanocomposite films obtained
from thermogravimetric analyses; (a) pristine PUU film, (b)
SNP-0/PUU20 film (pristine SNP was added to 20 wt.%), and
(¢) SNP-2/PUU20 film (GPTMS-grafted SNP-2 was added to
20 wt.%).
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Fig. 10. Stress-strain curves of SNPs/PUU nanocomposite films: (a)
pristine PUU film, (b) SNP-0/PUUOS film (pristine SNP was

added up to 5 wt.%), and (c¢) SNP-0/PUU20 film (pristine
SNP was added up to 20 wt.%).
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Fig. 11. Stress-strain curves of SNPs/PUU nanocomposite films with
varying GPTMS content: (a) pristine PUU film, (b) SNP-0/
PUU20 film (pristine SNP was added up to 20 wt.%), (c)
SNP-1/PUU20 film (GPTMS-grafted SNP-1 was added up to
20 wt.%), and (d) SNP-2/PUU20 film (GPTMS-grafted SNP-
2 was added up to 20 wt.%).
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Fig. 12. Stress-strain curves of SNPs/PUU nanocomposite films before
and after thermal curing: (a) pristine PUU film, (b) SNP-0/
PUU20 film(pristine SNP was added up to 20 wt.%, before
curing), (¢) SNP-2/PUU20 film(GPTMS-grafted SNP-2 was
added up to 20 wt.%, before curing), and (d) SNP-2/PUU20
film after curing.
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